Abstract: Mountain lakes in the Bohemian Forest, on both the Czech and German sides, were atmospherically acidified mainly in the 1960s-1980s and have since been recovering from acidification. In 2007, we performed the first complete study on littoral macroinvertebrates in all eight lakes. The goals of the study were to 1) compare macroinvertebrates in the lakes during the process of recovery and 2) investigate relations between the occurrence of taxa and water chemistry. Lake water pH varied from 4.6 to 5.7, concentrations of dissolved reactive Al and labile Al ranged from 118-601 and 11-470 µg L −1 , respectively, and DOC concentrations were < 6 mg L −1 . Altogether 73 taxa were identified from all lakes; a positive relationship was found between pH and the number of macroinvertebrate taxa. The highest number of taxa was found in the least acidic lakes Laka and Grosser Arbersee, including the mollusk Pisidium casertanum. In contrast, the lowest diversity was found in the most acidified Čertovo jezero. Cluster analyses of macroinvertebrates and water chemistry suggested pH as the key factor influencing the occurrence of macroinvertebrate taxa. An interesting finding was the occurrence of the boreo-montane water beetle Nebrioporus assimilis in Prášilské jezero, which is the first documented record of this species in the Czech Republic since 1960.
Introduction
Anthropogenic acidification has strongly affected surface freshwaters in the second half of the 20th century as a result of S and N emissions (Schindler 1988) , causing major chemical and biological changes in ecosystems. Despite a significant decrease of acidification over the last decades, especially in North America and Europe, the negative effects on water ecosystems still remain an important environmental problem. Current global climate change is a confounding factor which can magnify the negative consequences of acidification or can disrupt recovery (Laudon & Westling 2005) . Because of a delayed response time, the biological recovery of acidified sites occurs later than chemical restoration (Jeffries et al. 2003; Posch et al. 2003; Wright et al. 2005) .
In Central Europe, scientists have devoted much attention to the acidification of mountain lakes in the Czech Republic, Slovakia, Poland, and Germany, particularly in the Bohemian Forest and the Tatra Mountains (e.g., Vranovský et al. 1994; Kownacki et al. 2000; Kubovčík & Bitušík 2006; Hořická et al. 2006; Krno et al. 2006; Stuchlík et al. 2006; Fjellheim et al. 2009 ). Over the past half-century, these mountain areas witnessed the most pronounced changes in acidic deposition and lake water composition among all European lake districts (Evans et al. 2001) , due to steep increases in emission and deposition fluxes of sulfur and nitrogen compounds in the 1950s-1980s and their abrupt reduction after 1989 . The Bohemian Forest lake district (at the border between the Czech Republic and Germany) has currently exhibited an apparent chemical recovery from acidification, with increasing water pH and declining Al concentrations (Majer et al. 2003; Veselý et al. 2003; Oulehle et al. 2012 ). This process is relatively slow, however, compared to the rapid reductions in Central European emissions of SO 2 (86%), NO x (53%), and NH 3 (35%), and related acidic deposition in the Bohemian Forest over the last two decades (Kopáček et al. 2011) . As a consequence, the carbonate buffering system of the most acidified lakes will probably not be re-established before ∼2050 (Majer et al. 2003) . The reason for this delay is continuing leaching of sulfate and nitrate from the lake catchments, and is also dependent on soil characteristics, bedrock geology, and vegetation vigor . Changes in lake biota have been even more delayed than the chemical recovery of the Bohemian Forest lakes; nevertheless the first signs of zooplankton and macrozoobenthos recovery have already been documented (Vrba et al. 2003; Nedbalová et al. 2006; Soldán et al. 2012) .
The main aim of this study was to evaluate the present distribution of macroinvertebrates in the littoral of the Bohemian Forest lakes in relation to lake water chemistry. Furthermore, these are the first data from the all eight Bohemian Forest lakes obtained using a homogenous sampling method, and should serve as a basis for future comparisons and assessments of the ongoing process of recovery.
Material and methods

Study sites
The study was performed in eight lakes of glacial origin situated in the Bohemian Forest, both in its Czech part (Šumava): Černé jezero (CN), Čertovo jezero (CT), Plešné jezero (PL), Prášilské jezero (PR), and Laka (LA), and German part (Böhmerwald): Rachelsee (RA), Grosser Arbersee (GA), and Kleiner Arbersee (KA) (Fig. 1) . Nearly all lakes have rocky bottoms in the littoral, except for LA and KA where the bottom is formed by a layer of peat. The basic characteristics of the lakes and their catchments are described in Table 1 . The bedrock (schist, granite, and gneiss) in the lake catchments is sensitive to acid atmospheric deposition and magnified the effects of acidification on these ecosystems in the 20th century (Veselý 1994) . Lake catchments are mainly formed of steep slopes predominantly covered by shallow acidic soils, mostly podzols and cambisols. The forests around the lakes are dominated mainly by mature Norway spruce (generally 80 to 150-year-old) mixed with fir and beech (Veselý 1994; Vrba et al. 2003) . All the Bohemian Forest lakes are fishless at present, naturally or as a consequence of acidification (Vrba et al. 2003) . In each lake, benthic macroinvertebrates were sampled at three sites representing different types of littoral. The proportional presence of grain size and of different organic substrate types in the sampled littorals were visually quantified for each lake (Supplementary file; Figs S1, S2). The samples were taken by a semi-quantitative kicking technique (Frost et al. 1971 ) with a hand net of meshsize 500 µm for 3 minutes (30 seconds × 6 microhabitats) at each sampling site. Sampling was supplemented by a 20-minute collection of individuals from submerged stones, plants and woods. Samples were immediately fixed with 70-80% ethanol. The individuals were identified to species level, if possible. Diptera were identified to subfamily or genus level except for Chironomidae which were not further identified. Oligochaeta were not identified in this study.
Sampling and analytical methods
Surface lake water was sampled near the outflow, two times during both spring and autumn seasons. Samples were filtered through either a 0.45 µm pore-size membrane for the determination of ions (ion chromatography, Dionex), or through a 0.4 µm pore-size glass-fiber filters for other analyses, except samples for pH, ANC (determined by Gran titration, Mackereth et al. 1978) , and aluminium which were not filtered. DOC was analyzed with a TOC 5000A analyzer (Shimadzu). Fractionation of aluminium according to Driscoll (1984) , i.e. R-Al and N-Al (mostly organically bound Al), and cation exchange treated samples after filtration, respectively, were analyzed using the method of Dougan and Wilson (1974) . L-Al (mostly ionic, potentially toxic Al forms) was the difference between R-Al and N-Al concentrations. TP was determined by perchloric acid digestion and the molybdate method according to Kopáček & Hejzlar (1993) , but samples were concentrated fourfold by evaporation (with perchloric acid at ∼100
• C prior digestion) to obtain a detection limit of 0.5 µg L −1 . The reliability of the analytical results was controlled through an ionic balance approach, a comparison between measured and calculated conductivities, and a standard sample (a frozen subsample of lake water), which was melted and assayed with each series of samples.
Data analyses
The percentage ratio of macroinvertebrate feeding groups was calculated from semi-quantitative data (values not shown in Appendix 2). Macroinvertebrates were classified into functional feeding groups according to Moog (2002) . Cluster analysis (STATISTICA 12, StatSoft) was performed using Ward's method and Euclidean distance to assess the differences among lakes both for chemistry (data standardized) and biological data (data based on square root of numbers of individuals; only taxa identified to the species or genus level were included).
Results
Water chemistry
The studied lakes were different in water chemistry (Appendix 1). The water pH from autumn sampling in the lakes varied between 4.6 and 5.7, with the lowest and the highest values in CT and GA-LA, respectively. The only lakes with pH > 5 and positive ANC values were LA and GA. The most nutrient-enriched lake was PL, with concentrations of NO 3 -N and TP substantially exceeding the concentrations in the other lakes (up to three times higher).
The concentrations of R-Al and L-Al varied from 118-601 and 11-470 µg L −1 , respectively. The highest concentrations of R-Al and L-Al were measured in the lake with higher nutrient values, PL (up to 601 and 470 µg L −1 , respectively), whereas the lowest R-Al and L-Al (up to 157 and 55 µg L −1 , respectively) were measured in the least acidified LA, GA, and KA. The concentrations of DOC in the autumn samples (1.6-5.6 mg L −1 ) were higher than in the spring samples (0.9-2.3 mg L −1 ). Generally, DOC concentrations in all lakes were low, with the lowest values in CN (0.9 mg L −1 ) and highest in PR and PL (up to 5.6 mg L −1 ). The proportion of the L-Al fraction to R-Al was significantly (P < 0.05) negatively correlated to pH. The highest proportions of L-Al to R-Al were in the most acidic CN, CT, and PL (90%, 85% and 78%, respectively) (Fig. 2) .
Cluster analysis based on chemistry divided the lakes into four groups (Fig. 3A) . The first group includes the two highest acidified lakes CT and CN, the second cluster separated PL, the third one grouped PR, KA, GA, RA, and the fourth separated the least acidified LA.
Macroinvertebrates A total of 37,033 individuals of benthic macroinvertebrates from 39 samples were identified to 73 species or higher taxa (Appendix 2) belonging to the following Explanations: -not sampled. taxonomic groups: mollusks (Mollusca), oligochaetes (Oligochaeta), leeches (Hirudinea), mayflies (Ephemeroptera), dragonflies (Odonata), stoneflies (Plecoptera), water bugs (Heteroptera), alderflies (Megaloptera), water beetles (Coleoptera), caddisflies (Trichoptera), and dipterans (Diptera) ( Table 2) . The dipterans represented 65% of all individuals with Chironomidae as the dominant family (98% of all dipterans). The mayflies (18%) and caddisflies (5%) were also abundant in the samples. Among the identified groups, water bugs was the most species-rich group with 14 species from 3 families, followed by caddisflies with 12 species representing 5 families.
The dominant inhabitants of the investigated lakes were dipterans from the families Chironomidae, mayflies from the family Leptophlebiidae, caddisflies from the family Limnephilidae, oligochaetes, stoneflies from the genus Nemoura, and alderflies from the genus Sialis, together comprising 94% of the total abundance.
The only mollusk Pisidium casertanum was recorded in LA and GA lakes (both pH > 5) and the only leech Helobdella stagnalis was present in GA.
Oligochaetes were recorded in all lakes and were relatively abundant; nevertheless their species composition was not investigated in this study. Among mayflies, only Leptophlebia vespertina occurred in all lakes, whereas four other species (Cloeon dipterum, Leptophlebia marginata, Ameletus inopinatus and Siphlonurus lacustris) were found only in the least acidified LA. The occurrence of dragonfly species did not seem to differ in relation to pH level. Aeshna spp., Somatochlora metallica, and Ischnura sp. were found in most of the lakes. The stoneflies were exclusively represented by the families Nemouridae (Nemoura avicularis and N. cinerea) and Leuctridae (Leuctra nigra). Both Nemoura species were found also in the strongest acidified lakes CT and CN, whereas L. nigra was found only in CT. The semi-aquatic bugs of the family Gerridae were only found in PL. Cymatia bonsdorffii and Sigara limitata were only found in the least acidified GA and LA. The alderfly Sialis fuliginosa occurred in CT and CN whereas S. lutaria occurred in all lakes. The distribution of water beetles, dominated by the family Dytiscidae, indicates no relation to pH. The most frequent dytiscid species was Hydroporus palustris, and the rarest species was Nebrioporus assimilis (found in PR). The caddisflies were represented primarily by acid tolerant species of the families Phryganeidae and Limnephilidae; Limnephilus spp. and Chaetopteryx villosa were found in most lakes, Oligotricha striata occurred in all lakes except for CT and CN; Holocentropus dubius (Polycentropodidae) occurred only in the lakes LA, GA. The dipterans were almost exclusively dominated by the family Chironomidae. Larvae of phantom midges Chaoborus sp. (Chaoboridae) were not found in lakes with low pH.
A significant correlation (P < 0.05) was found between water pH and number of macroinvertebrate taxa in autumn samples (Fig. 4) . The lowest number of taxa was found in the most acidified CN (14), whereas the highest number was recorded in LA (23) with the highest water pH.
Cluster analysis based on macroinvertebrates divided the lakes into three groups (Fig. 3B) . The first group consisted of the two highest acidified lakes CT and CN, the second cluster grouped all other lakes with exception of LA which was separated in the third cluster.
Detritivores were the most common in the littoral of all lakes except LA, where the macroinvertebrates were dominated by predators. Although predators and shredders were scarce, they still formed an important part of the littoral benthic macroinvertebrate communities. On the other hand, filtrators and grazers were represented only to a minor extent (Fig. 5) .
Discussion
Changes in water chemistry have a major impact on organisms at all trophic levels (Havas & Rosseland 1995; Stuchlík et al. 2002) . One of the key factors influencing macroinvertebrate taxa is the input of toxic forms of aluminium (L-Al). In the Bohemian Forest lakes, the increasing proportion of L-Al to R-Al with decreasing water pH was documented in our data and previously by Fott et al. (1994) . Furthermore, the number of taxa decreased with decreasing water pH, and thus with an increasing L-Al/R-Al ratio. Nedbalová et al. (2006) documented that the diversity of benthic insects species, taken alone, roughly doubled in the Czech lakes (CT, CN, PL, PR, LA) compared to the German lakes (RA, KA, GA). This was not confirmed in our study of all groups of benthic macroinvertebrates, since some of the highest numbers of taxa were found in KA and GA in relation to higher pH.
Lakes differ in substrate, depth, water transparency, content of nutrients, and flow rate; only CT and CN are quite similar in most parameters. Cluster analysis of water chemistry arranged the lakes predominantly according to their pH. The same could be seen for macroinvertebrates. The most acidified (and most similar in habitat) CT and CN were separated in both analyses. The least acidified LA was separated from all lakes. In both clusters PL and PR were closest to CT and CN. Slight differences in clustering RA, KA, and GA can be explained by other factors (lake characteristics or substrate types). This suggests that water pH is the driving factor for both the water chemistry and for macroinvertebrates. Moiseenko (2003) considered Ephemeroptera, Crustacea and Mollusca to be the most acid sensitive groups of macroinvertebrates, usually absent in waters with pH < 5. No crustaceans were found in the Bohemian Forest lakes, and only one mollusk, Pisidium casertanum, found by us in two lakes with the highest pH (LA and GA), was previously found also in KA (Soldán et al. 2012) . Økland & Kuiper (1982) suggested that P. casertanum is the only species of the genus that may be found in strongly acidified waters. According to Horsák (2006) , P. casertanum is the regionally most acid tolerant aquatic mollusk, which can survive at pH 4.7 and appears to be calcifuge to some extent. Norwegian studies showed a tolerance limit of pH ∼ 4.7 (Fjellheim & Raddum 1990 ). Šporka (1992) explained this high tolerance by its living in a sediment environment where pH is higher than on the sediment surface. However, our results and conclusions of Soldán et al. (2012) indicate that this species occurs only in the least acidified Bohemian Forest lakes (pH > 5.3). One of the possible explanations for this could be low content of Ca (< 1 mg L −1 ) (Raddum & Skjelkvĺle 1995) . The most frequent mayfly, Leptophlebia vespertina, considered one of the most acid-tolerant mayflies with a tolerance limit of pH ∼ 4 (Vrba et al. 2003; Schartau et al. 2008) , was found to be present in all the Bohemian Forest lakes, both currently and even throughout the whole acidification period (Vrba et al. 2003; Soldán et al. 2012) . The mayflies Cloeon dipterum and Leptophlebia marginata have been recorded in the Bohemian Forest lakes only recently (summarized in Soldán et al. 2012) , whereas Ameletus inopinatus and Siphlonurus lacustris were also found before the acidification period (Landa & Soldán 1989 ). According to Braukmann & Biss (2004) , A. inopinatus and S. lacustris are acid-tolerant taxa occurring in periodically critically acidic waters (pH < 6.5 with periods < 5.0). C. dipterum, A. inopinatus and S. lacustris were identified only in samples from the least acidified LA; nevertheless, they all were also recently found in other lakes, including the strongest acidified CN (reviewed by Soldán et al. 2012) .
The dragonflies, water bugs, and alderflies are in general considered to be acid-tolerant groups. We suppose that their occurrence is mainly limited by the availability of suitable food sources and by the presence of other predators. Nevertheless, Soldán et al. (2012) concluded that some species of water bugs are probably less acid-tolerant, as they have been observed in substantially higher numbers during the past two decades of recovery.
The stoneflies are considered an acid-tolerant group in general, but acidification can significantly reduce their diversity, as documented in the families Leuctridae and Nemouridae. Some species, though, have demonstrated a high resistance to acid conditions (Tixier & Guérold 2005) . In the Bohemian Forest lakes, all stoneflies found (Nemoura cinerea, N. avicularis, and Leuctra nigra) are considered to be acid-resistant (Braukmann & Biss 2004; Schartau et al. 2008) . These species occurred only in small numbers in the littoral of the Bohemian Forest lakes, while they were abundant in the inflows and outflows (unpublished data).
The water beetles are generally tolerant to acidification, especially the adults, which breathe atmospheric oxygen and have exoskeletons effectively protecting their bodies (Havas & Rosseland 1995) . The distribution of water beetles in the studied lakes is more likely dependent on food supply or habitat suitability. The majority of beetles found in the Bohemian Forest lakes belonged to the family Dytiscidae. The dominating dytiscid Hydroporus palustris is abundant in the Czech Republic and lives in all types of standing and flowing waters (Boukal et al. 2007 ). The second most frequent beetle, Deronectes latus, also occurs throughout the Czech Republic, but only locally and rarely (Boukal et al. 2007) . The presence of Nebrioporus assimilis was unexpected, as this species had been found in the Czech Republic only once, near the town of Příbram, probably in the Brdy hills in the 1950s, and since then it was considered regionally extinct (Boukal et al. 2007 ). Its occurrence in PR was again confirmed in 2010 and since then the species has been reclassified as critically endangered (Boukal et al. 2012) . The other species of beetles found in the Bohemian Forest lakes are common.
The caddisflies contributed substantially to the species diversity of benthic macroinvertebrates due to presence of acid-tolerant and tyrphophilous species. Mystacides azurea and species of the family Phryganeidae and Limnephilidae were the only taxa found in the strongest acidified lakes CN and CT, already in the early 1990s (reviewed in Soldán et al. 2012) . Recently, M. azurea still dominates in these two lakes, but caddisfly species diversity in both lakes has substantially increased since that time. The absence of Oligotricha striata in CT and CN is noteworthy, since this species was also not found in these lakes during the preacidification period (Soldán et al. 2012) . It is an acid-tolerant species (Braukmann & Biss 2004) , so its absence in the stony littoral lacking moss and macrophytes in CT and CN (Supplementary file; Figs S1, S2) can be explained rather by different habitat preferences. In other lakes, species of the families Limnephilidae, Polycentropodidae and Phryganeidae dominated, and species of the family Molannidae (Molanna nigra or Molannodes tinctus) also occurred in most of the lakes. The caddisfly Holocentropus dubius was found only in the least acidified LA and GA; however, its occurrence is probably determined more by habitat preferences (phytal) (Graf et al. 2008 ) than pH value.
The dipterans were dominated by the family Chironomidae, and this group had the highest species richness: 48 species/taxa of chironomids have been collected so far in the Bohemian Forest lakes (Soldán et al. 2012) . A recent investigation based on pupal exuviae analysis (Bitušík & Svitok 2006) showed that differences in taxonomic composition among the Bohemian Forest lakes could be explained significantly by lake alkalinity (as a proxy of pH). However, chironomids have so far not reflected the effects of acidification in the investigated lakes in such a dramatic way as mayflies and stoneflies (Vrba et al. 2003) .
Although our data on macroinvertebrates from all Bohemian Forest lakes (Appendix 2) do not enable an analysis of recovery processes, they have been used to summarize the historical changes in macroinvertebrate taxa composition in the Bohemian Forest lakes (referred as Ungermanová 2009 in Soldán et al. 2012 .
Acidification can cause changes in occurrence of macroinvertebrate taxa not only directly through the toxicity of H + , L-Al and heavy metals or by the disturbance of Ca 2+ metabolism, but also indirectly by influencing the food supply (Økland & Økland 1986; Ormerod et al. 1987; Havas & Rosseland 1995) . Although the total biomass of organisms often remains unchanged, the disappearance of acid-sensitive taxa may cause the disruption and simplification of food chains (Hendrey & Wright 1976) . Detritivores entirely dominated in all investigated lakes except LA, whereas grazers were always present in minor amounts. Grazers, living on the surface of the bottom substrate or aquatic plants, have been documented as being reduced in acidified waters (e.g. Dangles & Guérold 2000; Horecký et al. 2006) , while shredders and detritivores are less affected because they often burrow in the sediment, where they find more suitable chemical conditions. However, particular instars can differ in their environmental as well as in their food strategy during ontogenesis (Moog 2002) . A decline in the diversity or abundance of grazers can also be a result of biomass reduction and changes in the bacterial composition (Ledger & Hildrew 2001) . In the studied lakes, predators were abundant among the macroinvertebrates, predominantly represented by water bugs, water beetles, dragonflies and water midges. In strongly acidified waters, these groups often become top predators due to the extinction of fish and occur in increased abundances (Layer et al. 2010) . Nevertheless, this trend was not observed in our data as all lakes are fishless and the highest proportion of predators was observed in LA, one of the least acidified lakes. We did not find any increasing proportion of predators with decreasing pH, although this conclusion must be carefully considered as the chironomids were not included. The high proportion of predators in LA may rather be explained by the highest occurrence of macrophytes and moss as suitable microhabitats (Fig. S2) . 
